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ABSTRACT 
LIFE CYCLE ASSESSMENT OF HYDROGEN AS A TRANSPORTATION FUEL IN 
THE CALIFORNIA MARKET.  
Diana Swidler 
 
 
The depletion of natural resources, the impact of human activities on the environment, and the 
expected increase in global energy consumption are primary concerns to be considered when 
finding new alternatives to the nation’s energy mix. In this context, hydrogen could potentially be 
one of the primary sustainable fuels of the future. Hydrogen is considered a clean and efficient 
energy carrier since its combustion releases zero emissions. It is the most abundant element in the 
universe, and it can be produced from a variety of processes/technologies, ensuring its production 
everywhere. The recent development in technologies has allowed for using hydrogen as a 
transportation fuel, marking what it could be the beginning of a revolution in the vehicle industry.  
This capstone aims to study the current situation of the hydrogen refueling market in California, 
an early adopter of Fuel Cell Electric Vehicles (FCEVs), followed by an analysis of the 
environmental impact of two  production processes to produce hydrogen; the steam methane 
reforming and the electrolysis. For this purpose, a review of the market and industry of the 
hydrogen in California will be performed, followed by a life cycle assessment of the life cycle of 
hydrogen, from well to pump. It is urged that in theses earlier phases of commercialization and 
market creation, governments activate the right political mechanisms to ensure that the ultimate 
goal of the hydrogen economy is its production from renewable sources.   
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1.INTRODUCTION 
1.1 Motivation 
 
The access to energy underlies the development and progress of every economy, improves 
living standards, and weights the power and influence of a nation before others. The adverse public 
and environmental impacts of the use of fossil fuel have led governments and other interested 
groups to increase the use of renewable energy sources to diversity the nation’s energy mix. This 
energy transition will not only be required to maintain the nation’s position in the global economy, 
but  to meet the demands of a global energy consumption that is expected to increase  during the 
next decades, as the growth of population and better living standards rises worldwide. 
Hydrogen can potentially be one of the primary sustainable fuels of the future, propelling this 
energy transition. Hydrogen is the most abundant element in the universe, and it is considered a 
clean and efficient energy carrier because its combustion with oxygen releases zero emissions. 
Hydrogen can be produced from a variety of processes/technologies (chemical, biological, 
electrolytic, photolytic, etc.) (Bhandari, 2014), which ensures its production everywhere. 
As it is depicted in table 1, hydrogen holds three times more energy by mass than most other fuels 
(33 kWh/kg of hydrogen compared to 12 kWh/kg of gasoline). However, on a volume basis, the 
situation is reversed and hydrogen needs higher volumes to store (approximately1 kWh/L for 700 
bar hydrogen at 15°C compared to 9 kWh/L for gasoline).  
 
Table 1. Energy comparison of hydrogen with other fuels.  
 
Source: https://www.Hydrogen.energy.gov/pdfs/review17/01_satyapal_plenary_2017_amr.pdf 
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During the energy crisis of the 70s, hydrogen was proposed as an alternative energy source to 
increase the country’s energy mix.Hydrogen was used in industrial processes as a feedstock for 
ammonia and methanol production and oil refining, among others. The initial studies of using 
hydrogen for transportation fuel were based on using the residual hydrogen left as a byproduct of 
the industry. This residual hydrogen would be intended to penetrate the transportation market in 
the beginning while the hydrogen produced from renewable sources would become widely 
available. Although the interest of using hydrogen as a transportation fuel declined after the market 
recovery, nowadays, there is a renovated interest for hydrogen in the public and private sector, 
promising new advances in its technology and deployment. On the one hand, governments are 
interested in increasing energy security and independence while paving the way to transform their 
energy systems to be more efficient and less carbon-intensive. On the other hand, the fossil fuel 
industry is restructuring its business models to adapt to a market with more stringent environmental 
regulations, and to the new increasing competition: the electric vehicles. Partnerships and alliances 
are taking place to improve hydrogen-related technologies, to invest in the investigation of other 
hydrogen system alternatives, and to create a market for its use as a transportation fuel and energy 
storage. California, an early adopter of this technology, has an ambitious plan set in place to 
develop a state-wide network of refueling stations for fuel cell electric vehicles (FCEVs). A fuel 
cell is an electrochemical device that converts the chemical energy of a fuel directly into electrical 
energy (Sharaf & Orhan, 2014), being the source of power for the electric motor in a Fuel Cell 
Electric Vehicle (FCVE).  Although there is a combined effort and much progress have been made 
in technologies that can produce hydrogen from renewables sources, the technology to produce 
hydrogen from hydrocarbons is the most mature and widely adopted. 
 
1.2. Specific Goal  
The goal of this capstone is to study the current situation of the hydrogen refueling market 
in California, an early adopter of Fuel Cell Electric Vehicles (FCEVs), followed by an analysis of 
the environmental impact of two hydrogen production systems: the steam methane reforming and 
the electrolysis. For this purpose, this capstone reviews the market and industry of the hydrogen 
in California and analyses the life cycle assessment of the life cycle of hydrogen, from well to 
pump, reproducing the conditions of the Californian market.  
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2. LITERATURE REVIEW 
2.1.Energy transition 
 
In 1987, the World Commission of Environment and Development (Brundtland 
Commission) published its report introducing the definition of sustainable development as 
“development that meets the needs of the current generations without compromising the ability of 
future generations to meet their own needs” (WCAD 1987). Global sustainable development 
requires a supply of clean and affordable energy sources that avoid or minimize social and 
environmental impacts (Dincer, 2006). In that regard, our current energy system requires a 
transition that entails a long-run structural change in energy systems (Hauff et al. 2014). This 
energy transition should include new sustainable energy sources that help to mitigate the impact 
of climate change and meet the expected increase in energy demand, driven by better living 
standards and a global population that is likely to keep growing until 2100 (USDOE, 2009).  
Hydrogen can  potentially be  one of the primary sustainable fuels of the future, if the right 
incentives are set in place to promote its production from renewable means . It is the most abundant 
element on Earth in the form of water , and it is considered a clean and efficient energy carrier 
since its combustion with oxygen can generate  electricity, heat and water (U.S. Department of 
Energy 2017).Hydrogen can be employed in energy demand sectors (e.g., fuel cell electric vehicles 
in transport and fuel cell micro-cogeneration in the residential sector) as well as energy supply 
sectors (e.g., variable renewable energy integration and energy storage including power-to-fuel, 
power-to-power, and power-to-gas) (Körner et al. 2015, Hanley et al. 2018).  
According to the concept of the hydrogen economy, hydrogen produced from water will gradually 
replace fossil fuels and become the primary energy carrier in the second half of the 21st century 
(Marchenko & Solomin, 2015).  However, nowadays, fossil fuels are still the primary sources for 
its production today (Dufour et al., 2011). 96% of the world’s current hydrogen production comes 
from hydrocarbon reformation processes (grey hydrogen), where about 48% comes from natural 
gas, 30% from fossil oil, and 18% from coal. The rest of the production comes from water splitting 
(green hydrogen), and specifically electrolysis (P.E. International, 2010), which is the most mature 
technology among other water splitting technologies like photoelectrochemical cells, or solar 
thermochemical systems.  The oil and gas companies are making investments in developing 
markets for hydrogen, mostly for its use as a transportation fuel (Shojaeddini, 2019), encouraged 
by the substantial decline in oil consumption due to the recent technological developments in 
8 
 
electric cars (Cherif et al., 2017), and by more stringent environmental regulations. This interest 
of the private sector aligns with governments searching for new technologies to add to their energy 
mix, leading to combining efforts to  invest in hydrogen research and market development. In the 
United States, the Hydrogen Council, with Equinor, Shell and Total among its members, is seeking 
to create a market for hydrogen solutions across sectors (Hydrogen Council 2018); Shell with 
Honda and Toyota are installing hydrogen vehicle fueling infrastructure in California (Royal 
Dutch Shell 2018f, Total 2018c). U.S. Department of Energy has invested between $100 million 
to $280 million per year over the last decade in hydrogen and fuel cell projects, with approximately 
$150 million per year since 2017 (DOE, 2009), revealing the interest of the federal government in 
promoting hydrogen-related technologies. The figures are promising; According to the industry 
modeling estimates, hydrogen can help meet 14% of U.S. final energy demand by 2050, the 
equivalent of over 2,468 TWh or 8.4 billion MMBTU per year (USDOE, 2009). 
As the market for hydrogen evolves in California, and the hydrogen fuel is marketed as clean 
energy, it raises the question about how clean is the hydrogen fuel. This capstone aims to analyze 
the environmental impacts of two existing production systems in the California market: The 
Steam-Methane Reforming (SMR) from natural gas, the predominant system, versus  the 
electrolysis powered by wind energy. 
 
2.2. Government policies 
 
Since the energy crisis of the 70s, the Federal Government has been investigating the 
hydrogen as  an energy source, and issued legislation in that regard. In 2002, the Founding 
Agreement for FreedomCAR and Fuel Partnership laid out the partnership between the 
Department of Energy (DOE) and the United States Council for Automotive Research (USCAR) 
to advance research for affordable hydrogen fuel cell vehicles.  
 In 2003, President George W. Bush announced the Hydrogen Fuel Initiative, which allocated $1.2 
billion in research funding so "American can lead the world in developing clean, hydrogen-
powered automobiles." The formation of the International Partnership for Hydrogen and Fuel Cells 
in the Economy (IPHE) happened the same year. It was facilitated by the U.S. Department of 
Energy and the U.S. Department of Transportation to foster international cooperation on hydrogen 
and fuel cell R&D, common codes and standards, and information sharing on infrastructure 
development. The FreedomCAR and Fuel Partnership Plan of 2004 established a  Partnership Plan 
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for the Department of Energy (DOE), USCAR, and industry to join forces to advance research and 
development of affordable hydrogen fuel cell vehicles and national hydrogen infrastructure. 
Finally, as a result of the Energy Policy Act of 2005, the Hydrogen and Fuel Cells Program (HFCP) 
was formed and funded. 
Run by the Department of Energy, the HFCP's primary mission is to contribute to a more diverse 
and efficient energy infrastructure by enabling the widespread commercialization of hydrogen and 
fuel cell technologies, and to reduce petroleum use, greenhouse gas emissions and air pollution. 
 
Figure 1. DOE Hydrogen and Fuel Cells Organization 
 
Source: Department of Energy (https://wwwHydrogen.energy.gov/organization.html) 
 
The Program's main goals are to advance these technologies (through research, development, and 
validation efforts) to be competitive with current technologies in cost and performance and to 
reduce the institutional and market barriers to their commercialization. The Program has been 
funded throughout the years, putting particular interest in the development of energy efficiency 
and hydrogen production out of renewable energy. The Fuel Cell Technologies Office (FCTO) is 
responsible for coordinating the R&D activities for DOE's Hydrogen and Fuel Cells Program. It 
includes the activities within four DOE offices (Office of Energy Efficiency and Renewable 
Energy [EERE], Office of Fossil Energy [FE], Office of Nuclear Energy [NE], and Office of 
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Science [SC]).  
FCTO selects R&D and other projects through open and competitive procurements, and 
encourages collaborative partnerships among industry; universities; national laboratories; federal, 
state, and local governments; and non-government agencies, through the conformation of 
consortium teams. Within this collaborative framework, the DOE launched the H2@Scale 
initiative, which facilitates R&D to advance affordable hydrogen production, transport, storage, 
and utilization to increase revenue opportunities in multiple energy sectors. 
 
Table 2. Hydrogen and Fuel Cell Budget ($ in thousands) 
 
Source: Department of Energy (https://wwwHydrogen.energy.gov/budget.html) 
 
The Hydrogen and Fuel Cell Program has been funded throughout the years, as shown in Table 2, 
leading to more than 650 hydrogen and fuel cell patents, which 40% of them coming from the 
DOE National Lab System (DOE, 2017). More recently, the H2@Scale goal of increasing the 
hydrogen supply and demand required to increase revenue opportunities in several energy sectors 
is leading DOE funding to the commercialization of the technology. On January 23, 2020, the 
DOE announced up to $64 million in funding to support market expansion and increase the scale 
of hydrogen production, storage, transport, and use.  
Concurrently in California, policies were developed to promote the use of hydrogen as a 
transportation fuel, to support the development of vehicle technologies that would comply with 
the Zero-Emission Vehicle (ZEV) regulation, adopted in 1990 as part of the Low-Emission 
Office
Energy Efficiency 
and Renewable 
Energy
Fossil Energy 
(Coal)
Nuclear Energy Science Total
FY04 144,881 4,879 6,201 0 155,961
FY05 166,722 16,518 8,682 29,183 221,155
FY06 153,451 21,036 24,057 32,500 231,044
FY07 189,511 21,513 18,855 36,388 266,267
FY08 206,241 14,891 9,668 36,483 267,283
FY09 195,865 20,151 7,340 38,284 261,640
FY10 170,297 13,970 5,000 38,053 227,320
FY11 95,847 11,394 2,800 34,611 144,652
FY12 101,087 0 0 27,466 128,553
FY13 95,845 0 0 25,769 121,614
FY14 89,518 0 0 19,922 109,440
FY15 94,830 0 0 18,499 113,329
FY16 98,479 0 0 24,686 123,165
FY17 98,115 0 2,000 22,000 122,115
HYDROGEN AND FUEL CELL BUDGET ($ IN THOUSANDS)
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Vehicle Regulation. In April 2004, Governor Schwarzenegger signed Executive Order S-704 
calling for the development of a California Hydrogen Highway Network (CaH2Net) Blueprint 
Plan, as part of the State’s efforts to diversify its sources of transportation fuels available to 
California motorists and to comply with the State’s Low Emission Vehicle regulation. The plan 
would create a network of hydrogen fueling stations along the State’s major highways, and it would 
promote the use of hydrogen-powered vehicles, with a significant and increasing percentage of 
that hydrogen produced from clean, renewable sources. The Blueprint plan was directed by the 
California Environmental Protection Agency (Cal/EPA) and developed in collaboration with 
academia and stakeholders from energy, auto and technology companies, environmental 
organizations and local, State and Federal government agencies. According to the Plan, the State 
would co-fund the early phases of station development and would establish policies that help create 
a favorable business climate for establishing hydrogen infrastructure. In turn, the industry would 
produce hydrogen as a transportation fuel in line with the State’s environmental goals. The State 
of California is co-funding the initial network of hydrogen fueling stations, in advance of vehicle 
launches, through the California Energy Commission’s Alternative and Renewable Fuel ad 
Vehicle Technology Program (ARFVTP). Initial funding in 2005 was allocated to the Air 
Resources Board (Chapter 91, Senate Bill 76) for state-sponsored hydrogen demonstration 
projects. This funding helped co-fund three new hydrogen stations that met the Blueprint Plan’s 
environmental targets. The funding also allowed the State to procure hydrogen-powered vehicles 
and shuttle buses. Since then, part of the state budget has been designated to continue the 
development of hydrogen stations and for funds to match federal funding to bring hydrogen buses 
to California.  
The State of California enacted Senate Bill 1505, which establishes initial goals for the greenhouse 
gas emissions and renewable energy content of hydrogen produced for use in the hydrogen 
highway network pursuant with the development of hydrogen infrastructure under the California 
Hydrogen Highway Blueprint Plan. The law recognizes that natural gas, although still emitter of 
greenhouse gases, is cleaner than other fossil fuels, and its use in the production of hydrogen can 
serve as a temporary solution while other cleaner technologies to produce hydrogen are being 
developed. The use of hydrogen produced from natural gas in a fuel cell vehicle eliminates tailpipe 
emissions of criteria pollutants and achieves the State’s Zero Emission Vehicle Program’s goals. 
However, the law is particular about its environmental goals in regards to the fueling stations that 
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have received state funds;  33.3% of the hydrogen produced for, or dispensed by those fueling 
stations must come from eligible renewable energy resources, as defined in subdivision (a) of 
Section 399.12 of the Public Utilities Code; well-to-wheel emissions of greenhouse gases for the 
FCEV fueled at those state funding fueling stations, must produce emissios at least 30% lower 
than the average new gasoline vehicle in California when measured on a per-mile basis; It also 
requires that hydrogen fuel be generated in a manner so that local well-to-tank emissions of 
nitrogen oxides plus reactive organic gases are at least 50% lower than well-to-tank emissions of 
the average motor gasoline sold in California when measured on an energy equivalent basis.  
Nowadays, the California Air Resources Board (CARB), California Energy Commission (CEC) 
and the Governor’s Office of Business and Economic Development, along with other state 
agencies, closely coordinate and work with other government and industry stakeholders to 
implement actions that support the development of a robust hydrogen and FCEV market. 
Assembly Bill  (AB 8; Perea, Chapter 401, Statutes of 2013) ensures California is prepared for the 
commercial launch of FCEVs by providing a specific focus on the development of the State’s 
hydrogen fueling station network. AB 8 dedicates up to $20 million per year to support the 
continued construction of hydrogen fuel stations. This focus will enable hydrogen FCEVs, along 
with other zero-emission vehicles (ZEV) technologies, to play a significant role in meeting 
multiple policy objectives established by Governor Brown and the Legislature.  
In addition to AB 8, Governor Brown’s Executive Order B-16-201211 provides another reliable 
policy driver for accelerating commercialization of FCEVs and their associated hydrogen fuel 
station network. These policy drivers give clear direction for the ARB and CEC to plan and fund 
the State’s hydrogen fuel station network for its growing FCEV market. 
As a result of all this combination of policies, funding, and collaboration across a wide array of 
stakeholders, California is being successful at expanding a growing hydrogen fueling network that 
will be ready to support the stream of hydrogen vehicles as they enter the marketplace in the next 
several years. However, the initial capital investment is still high for being borne for just the 
industry alone. The high cost of opening a hydrogen refueling station, around $2.8 million (BBC 
Research, 2018), is still a significant barrier for the deployment of an infrastructure that supports 
the FCVE market, and the network still needs resources from the grant funding programs. Thanks 
to the public-private partnerships between the state of California and the Department of Energy 
with FCV manufacturers like Toyota and hydrogen producers, like Linde and Shell, 44 retail 
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hydrogen fueling stations have opened since the first grant solicitation by the California Energy 
Commission in June 2010. The next critical milestone in California is to build 200 hydrogen 
stations by 2025 of 70 Mpa  (there is no target for 35 Mpa), leading to 1,000 stations after that 
(IPHE, 2018). To achieve this, the transition away from public funds toward private capital 
investment will require increasing stakeholder confidence and decreasing costs (CFCP,  2018). 
The private sector might be encouraged by state government regulations like Executive Order N-
19-19, announced by Governor Newsom at the end of 2019, which orders the alignment of the 
state’s climate goals with the state’s transportation spending.  
Current policies are seen as stable and long term, and they are sending positive signals to private 
investors. According to Shell’s report, hydrogen’s Role in the Future of Transport, capital costs 
for hydrogen infrastructure could be reduced by 50% through economies of scale by as early as 
2020, while the Hydrogen Council projects the same decrease by 2030 (Hydrogen Council, 2020). 
It is expected than the industry keeps attracting private capital, and companies get involved in 
multi-year, large-scale construction projects for station network development, pushing down the 
costs across the entire value chain and leading to economies of scale.  
 
3. THE CALIFORNIA MARKET 
3.1.Overview 
 
The California market is the national leader in the deployment of hydrogen fueling stations. 
According to the California Fuel Cell Partnership, the current number of retail hydrogen fuel cell 
stations in California is conformed by 44 public hydrogen fueling stations with another 19 in 
process of development. In contrast, the rest of the U.S. territory just counts with a couple in 
Hawaii and a handful more located in New York, New Jersey, Massachusetts, Connecticut and 
Rhode Island. 
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Table 2. Progress refueling stations per operator 
 
Source: multiple sources 
 
Hydrogen is currently delivered in gaseous form, mainly by truck, to 28 of the open fueling 
stations. Five fueling stations (4 of them owned by Iwatani) received cryogenic liquid Hydrogen, 
delivered by tankers . Another 5 fueling stations have onsite electrolyzers. A station located in 
Torrance, CA, and operated by Equilon Enterprises receives hydrogen by pipeline, operated by 
Air Products.   
The deployment of refueling stations is depicted in Figure 2. The goal is to place a  refueling 
station within a 15 minutes’ drive for 97% of people living within disadvantaged communities, 
and 94% of the entire population. The higher concentration of refueling stations is located in San 
Francisco Bay (Northern CA), while they are predominant in Los Angeles in Southern CA. 
Figure 2. Current development of Hydrogen refueling station in California. 
     
Source:California Fuel Cell Partnership (https://cafcp.org/sites/default/files/H2-Stations-CA-map-Open-Funded-2020.pdf) 
 
Operator Commissioning  Open ‐ Retail  Planning /Permit Under construction
Air Liquide Advanced Technologies U.S. LLC 3 1
Air products 7 1
Equilon Enterprises LLC (d/b/a Shell Oil Products US) 1 7 1
First Element Fuel, Inc 1 20 7 2
H2 Frontier, INC 1 1
Iwatani 4
Powertech 1
Stratos Fuel 1
Others 1 1 2
Total 4 44 11 4
Progress status
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Most of the stations currently operate below-rated capacity as expected, in order to provide station 
readiness for the growing hydrogen vehicle fleet. Sales of FCVEs are increasing steady, but safety 
concerns about using hydrogen as fuel are still subject to debate. Hydrogen is a extremely 
flammable gas and requires an ongoing monitoring system to prevent leakages from storage 
systems. The Fuel Cell Technologies Office remarks that all fuels have some degree of danger 
associated with its use and appropriate engineering controls can ensure the safe handling and use 
of hydrogen. In that regards, the National Renewable Energy Laboratory (NREL) coordinates 
many standards development organizations (SDOs) which are working to develop codes and 
standards required to prepare the market for the commercialization of hydrogen. At the 
international level, ISO TC197 is a technical committee developing international standards in the 
field of systems and devices for the production, storage, transport, measurement and use of 
hydrogen. TC197 has  currently 14 active Working Groups developing 15 international standards 
for hydrogen refueling stations (HRS), electrolyers, ground and on-board storage, fuel quality and 
quality control (IEA, 2017) 
 
3.2. Main competitors 
 
3.2.1. First Element Fuel, Inc. 
 
The leader in the market is First Element Fuel, Inc., which operates TrueZero network. 
TrueZero counts with 20 open stations and seven more in the process of planning/permit approval. 
It is followed by Air Products, Equilon Enterprises LLC (Shell Oil Products US), Iwatani 
Corporation, and Air Liquide.First Element Fuel, Inc. is a California-based company dedicated to 
providing fuel cell vehicle customers with retail hydrogen fuel. This project is being funded by 
grants from the California Energy Commission, South Coast Air Quality Management District 
(AQMD), and Bay Area AQMD, and by partnerships with automotive firms Toyota and Honda, 
who are pioneers in fuel-cell electric vehicles. 
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Figure 3. Picture of a True Zero Fueling Station 
 
    Source: Bloomberg 
 
3.2.1. Air Products and Chemicals, Inc. 
 
Air Products is a public traded, world-leading industrial gases company in operation for 
over 75 years. The Company provides industrial gases and related equipment to dozens of 
industries and has operations in a diversity of markets, including refinery hydrogen and natural 
gas liquefaction. Air Products counts with several production sites in North America that serves  
the region, and it offers multiple supply options, including gaseous and liquid delivery, pipeline, 
and on-site generation. It currently counts with 62 dispensers in the field, fueling more than 2,200 
vehicles at 22 different facilities, targeting mainly forklifts and other material handling vehicles. 
 
3.2.2. Messer Americas (formerly Linde LLC) 
 
Linde, an international supplier of industrial, process and specialty gases, provides 
hydrogen and operates several fuel stations in California. Hydrogen delivered to Linde stations 
come from two different production pathways. One pathway is coproduct hydrogen from Canada. 
Linde operates a facility in Magog, Quebec, where they accept the co-product gas from a 
neighbouring sodium chlorate production facility, which contains a large amount of hydrogen. 
They convert this feedstock into liquid hydrogen that is then transported by truck to Linde fueling 
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stations throughout California. 1.  The second pathway is liquid hydrogen made in Ontario, 
California, by Praxair, the North American’s largest liquid hydrogen producer. Praxair produces 
liquid hydrogen from the steam methane reforming (SMR) of North American Natural Gas 
(NANG) and subsequent liquefaction at a facility located in Ontario, California. Linde LLC 
purchases liquid hydrogen from Praxair and supplies it to hydrogen fuel stations in California. 
Linde is also the partner of TrueZero for True Zero’s newest fueling stations. . Most of the North 
American gas business of Linde LLC (including the operations at Praxair in Ontario), was acquired 
by Messer Group, a German industrial-gas specialist,  in 2019. 
 
3.2.3. Air Liquide S.A 
 
Air Liquide is a producer of hydrogen through SMR, and it has extensive experience 
designing and installing hydrogen refueling stations worldwide. Air Liquide founded the 
Hydrogen Council in partnership with Toyota, which encompasses over 30 leaders from the 
transport, energy, and industrial sectors to influence public authorities and investors of the 
hydrogen’s potential concerning climate change targets. The largest project of Air Liquide in the 
area is a $150 million liquid hydrogen production facility in Port of Long Beach, one of the world’s 
largest freight hubs. The facility will supply hydrogen fuel cell trucks with hydrogen produced 
from 100% renewable biogas at Toyota’s nearby Tri-Gen facility. The project is confirmed to 
receive $8 million from the California Energy Commission as part of its program to encourage the 
use of zero-emission hydrogen fuel cell trucks. Air Liquide has a long-term agreement with 
FirstElement Fuel Inc (FEF) to supply renewable hydrogen to FEF’s retail liquid hydrogen fueling 
stations in California. The plant will have a capacity of nearly 30 tons of hydrogen per day, an 
amount that can fuel 35,000 Fuel Cell Electric Vehicles (FCEVs). Through this investment, Air 
Liquide will enable the large-scale deployment of hydrogen mobility on the west coast, providing 
a reliable supply solution to fuel the 40,000 FCEVs expected to be deployed in the state of 
California by 2022. 
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3.2.4. Iwatani Corporation of America 
 
Iwatani Corporation of America is a wholly-owned subsidiary of Iwatani Corporation, 
Japan’s only fully integrated supplier of hydrogen. Iwatani acquired in May 2019 four hydrogen 
stations in California previously owned by Linde (Messer), marking its entry into the United States 
hydrogen-refueling station market. Iwatani and Toyota have a long history of collaboration back 
in Japan. The hydrogen produced by Linde-Praxair at its facility in Ontario CA, is used in all 
Iwatani stations in California. The hydrogen is directly delivered by truck from Ontario, CA, as a 
cryogenic liquid. 
 
3.2.5. Equilon Enterprises LLC (Shell Oil products)  
 
Shell has currently seven refueling stations open in California, between retail stations and 
heavy-duty stations for fuel cell trucks and public fleets, developed in partnership with Toyota and 
Kenworth Truck Company. For heavy duty refueling stations, the technology deployed is on site 
SMR with liquefaction, which decreases delivery cost but increases the cost per kg of hydrogen 
produced. 
 
3.3.Price and Cost 
 
The penetration of hydrogen in the market of transportation fuels depends on its 
comparative advantage in costs and price with other fuels. Nowadays, the price of a kg of hydrogen 
is still higher than the gallon of gasoline.   
Hydrogen fuel prices range from $12.85 to more than $16 per kg, but the most common price is 
$13.99 per kg (equivalent on a price per energy basis to $5.60 per gallon of gasoline), which 
translates to an operating cost of $0.21 per mile. Automakers are including three years of hydrogen 
fuel with their initial sales and lease offerings, which protects early market adopters from this 
initially high fuel price (California Fuel Cell Partnership). Air Products is offering the most 
competitive price, below $10/kg ($4/gal of gasoline). Comparatively, the cost of renewable 
hydrogen from electrolysis is still a hindering option. Only its production price is about $6 per kg 
(Hydrogen Council, 2020), which translates into a price between $14.2/kg and $21.8/kg at the 
refueling station.  ($5.68-$8.73 in 2011 dollars according to DOE estimates published in 2013). 
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With fuel cell vehicles being twice as efficient as conventional vehicles, hydrogen around $7 per 
kg will be cost-competitive with gasoline at $3.50 per gallon on a dollar per mile basis 2  
(California Fuel Cell Partnership, 2018).  However, the goal of the Department of Energy is a cost 
that ranges from $2.00-$4.00/gge3 of hydrogen by 2020 (DOE, 2012). This cost includes the 
production and delivery, regardless of whether hydrogen is produced at central or distributed sites. 
Due to the uncertainty of the cost estimates and projections, the results have a cost goal of $1-
2/gge for hydrogen production and a cost goal of $1-2/gge for Hydrogen delivery, per table 3. 
 
Table 3. Apportioned costs for centralized and distributed hydrogen production and delivery 
in 2020. 
 Centralized Distributed 
H2 Production Cost * $1.90/gge         $2.30/gge 
H2 Delivery** Cost * $2.10/gge     $1.70/gge 
*Based on a maximum hydrogen threshold cost of $4.00/gge 
 ** Dispensed, but untaxed 
Source: DOE, 2012 
 
This ultimate cost target of less than $4/kg for produced, delivered and dispensed hydrogen, is 
independent of the technology pathway employed (steam methane reforming or eletrolysis, among 
other pathways). Reduction of costs for fuel cell and onboard storage is one of challenges of the 
penetration of hydrogen in the market of transportation fuels, as it is depicted in Figure 4. The cost 
of onboard hydrogen storage is critical to the widespread adoption of hydrogen-fueled vehicles, 
since the goal is to store enough hydrogen onboard to enable a driving range greater than 300 
miles, and a refueling time between 3 and 5 minutes. According to the DOE, the cost target for 
automotive hydrogen storage is set at $10/kWh for 2020. Finally, one of the most important metrics 
used to guide the R&D efforts in fuel cells is the projected high-volume manufacturing costs for 
automotive fuel cells. The target cost is $40/kW and a durability of 5,000 hours by 2025.4 
 
 
 
2 A kilogram of hydrogen has virtually the same energy content as 1 gasoline gallon equivalent (gge) 
3 Gasoline gallon equivalent 
4 Time horizon has been recently updated from 2020. 
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Figure 4. DOE Cost Status and Targets. 
 
Source: US Department of Energy, 2016 
 
 The combined effort of different interest parties to commercialize the hydrogen as a transportation 
fuel is starting to yield results. Although the refueling station network currently operates below-
rated capacity, it is acting as a booster for early market adopters of FCVEs. Economies of scale in 
the production of FCVEs will push down production costs, allowing the manufacturers to decrease 
the price of sale. Finally, as sales of FCVEs rise, so the hydrogen as transportation fuel, helping 
the industry to start recovering costs from their initial investments in technology and infrastructure.  
As shown in Table 4, the sales of FCVEs have dramatically increased since the first four units 
bought in 2012. In 2020 so far, there are 8,098 FCVE on the roads. 
 
Table 4. Historic FCVE Sales  
 
Source: CAFCP (https://cafcp.org/sites/default/files/FCEV-Sales-Tracking.pdf) 
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Demand will not be only driven by light FCVEs. There are currently 30,000 material handling 
vehicles, 100 fuel cell buses already operating in California, and more than 550 MW of fuel cells 
providing primary or backup power to various sites across the country. This trend is expected to 
continue, thanks to various DOE-supported programs to boost the hydrogen economy, including 
the aforementioned H2@Scale initiative. 
According to the Fuel Cell & Hydrogen Energy Association , at the end of 2022, the US market 
for hydrogen across all segments could total twelve million metric tons, compared to about 10 
million metric tons today. Roughly 50,000 FCEVs could travel on US roads, up from the 8,098 on 
the roads today. In addition, with sufficient market demand, there could be 50,000 material 
handling vehicles in the field. 
 
 
4. HYDROGEN PRODUCTION 
Hydrogen has been traditionally employed as a feedstock for ammonia production, with a 
35% share for oil refining (Hanley et al. 2018), methanol production and steel manufacturing 
(Wood Mackenzie), reaching a global demand of 70 million tonnes annually (Snyder, 2019). In 
the United States, around 10 million metric tons of hydrogen are produced annually for these 
primary uses. The production of hydrogen as a transportation fuel is considered an emerging 
application, but very promising for the oil and gas industry. Many refineries benefit from flexibility 
in feedstock, taking advantage of the surplus of various hydrocarbon streams in the refinery. This 
flexibility makes easy the conversion of their products, from oil and petroleum to hydrogen. There 
are four primary sources for the commercial production of hydrogen: natural gas, oil, coal, and 
electrolysis (Santhanam, et al, 2017).  
 
Table 5 describes the production capacity in California from 2007 to 2018. Shell, followed by 
Chevron and Torrance, are the leading producers of hydrogen in the state. 
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Table 5. Production capacity (MMSCFD) in California on January 1 each year 
Company City 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
ALON BAKERSFIELD 22 23 23 23 23 23 n/a
BIG WEST                    BAKERSFIELD 25 25 25 25 25
CHEVRON RICHMOND 181 181 181 181 181 181 181 181 181 181 181 181
CHEVRON                       EL SEGUNDO 77 77 77 77 77 77 77 77 77 77 77 77
PHILLIPS 66 RODEO 84 84 84 84 84 84 84 22 22 22 22 22
PHILLIPS 66 WILMINGTON 105 105 105 105 105 105 105 105 105 105 105 105
SAN JOAQUIN REFINING                 BAKERSFIELD 4 4 4 4 4 4 4 4 4 4 4 4
SHELL                     MARTINEZ 107 107 107 104 193 193 193 193 189 193 193 193
TESORO REFINING & MARKETING CO MARTINEZ 82 82 82 82 82 82 82 82 82 82 82 82
TESORO           CARSON 105 105 105 105 105 105 105 105 105 105 105 105
TESORO                   WILMINGTON 15 15 15 12 12 12 15 15 15 15
TORRANCE REFINING TORRANCE 138 138 146 149 149 146 146 144 146 146 146 146
VALERO BENICIA 141 141 141 135 135 135 135 135 135 135 135 135
Total 1,064 1,064 1,072 1,051 2,985 3,082 1,147 1,083 1,084 1,088 1,088 1,065
Source: Energy Information Administration; Refinery Capacity Report & Hydrogen Analysis Resource Center. 
Production capacity (MMSCFD or million standard cubic feet per day) in California, on January 1 of each year
 
 
In the United States and California, 90% of the hydrogen is produced in large-scale hydrogen 
plants with Steam-Methane Reforming (SMR) technology. As shown in Table 6, production of 
gaseous hydrogen is predominant versus liquid hydrogen production. Praxair currently dominates 
the liquid hydrogen market with a production capacity of 20,483 kg/day. Air Products prevails in 
the gaseous hydrogen market with a total production of 922,940 kg/day. 
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Table 6. California Merchant Hydrogen Plant Production Capacities (1,000 kg/day or 
larger) 
Producer City
H2 Source/ 
Process
Customer Industry
Capacity 
(Nm3/hr)
Capacity 
(MSCF/day)
Capacity 
(kg/day )
References
Year 
Opened
Air Products Sacramento SMR Multiple Multiple 2,568 2,300 5,542 1,2,7,10 1986
Praxair Ontario SMR Multiple Multiple 9,489 8,500 20,483 1,2,5,7,11 1962
Air Liquid SMR First Element Fuel, Inc 27,216 18,  2019/2020
12,056 10,800 53,241
Air Liquide El Segundo SMR Chevron Oil Refining 96,005 86,000 207,240 8,13 2004
Air Liquide Rodeo SMR ConocoPhillips Oil Refining 133,960 120,000 289,172 3,12 2009
Air Products Carson SMR Texaco, Shell Oil Refining 111,634 100,000 240,976 1,2,4 1999
Air Products Martinez SMR Shell Oil Oil Refining 98,238 88,000 212,059 1,2,9,16,17 1993
Air Products Martinez SMR Tesoro Oil Refining 39,072 35,000 84,342 17 1989
Air Products Wilmington RFG SMR Multiple Oil Refining 178,614 160,000 385,562 1,2,4,15 1995
Praxair Ontario SMR Multiple Multiple 13,396 12,000 28,917 14
Praxair Richmond SMR Chevron Oil Refining 290,247 260,000 626,539 6,14 2015
Toyota Tri-Gen Long Beach SMR Toyota Logistics ServicesCar Industry 1,089 19, 20 2020
Total Merchant Compressed Gas 865,160 861,000 2,075,896
877,217 871,800 2,129,136
Source: Hydrogen Analysis Resource Center
Gaseous Hydrogen 
Total Merchant Product 
Total Merchant Cryogenic Liquid 
California Merchant Hydrogen Plant Production Capacities (1000 kg/day or larger)
Liquid Hydrogen 
 
Adverse environmental and human health impacts are associated with this production, since CO2 
is released in the process and Carbon Capture and Storage technologies (CCS) are still nascent and 
cost prohibitive. Electrolysis, on the contrary, potentially represents the only viable clean way to 
produce hydrogen at this moment, as far as electricity comes from renewable energies. Natural gas 
reforming and electrolysis are both mature technologies. 
Hydrogen  fuel can be obtained from centralized production in large plants, or it can be produced 
on site, like in refueling stations. Currently, there are five on site electrolyzers operating in 
California. The on site production of hydrogen from natural gas is also possible using a small 
hydrogen production plant called an external reformer. The cost of on-site hydrogen generation 
equipment is relatively small, but in general, the hydrogen production costs are higher than a 
centralized production plant, where production costs are less, although storage and transportation 
costs have to be added. Decentralized production is still not widely developed, so for this capstone, 
the analysis will be focused on hydrogen produced and delivered from centralized sites. 
 
4.1. Steam Methane Reforming 
 
In the United States and California, most existing large-scale hydrogen plants use Steam-
Methane Reforming (SMR) technology, where natural gas is burned and used as a process fuel 
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(Abbot 1997) in combination with high-temperature steam to produce hydrogen, monoxide and 
carbon monoxide with the help of nickel-based reforming catalysts (Wang et al., 2000).  In theory, 
any hydrocarbon fuel containing hydrogen can be reformed to produce hydrogen for FCEVs. The 
use of other fuels like methanol, gasoline, CNG, LNG, and LPG can power an FCEV but requires 
on-board fuel processors that produce hydrogen from these fuels. Several current R&D efforts 
focus on developing a universal fuel processor with partial oxidation technology that can produce 
hydrogen from virtually any hydrocarbon fuel.   
The composition of natural gas is not uniform. Depending on variations influenced by origin and 
processing, natural gas is mainly composed by methane (between 87% and 96%), ethane (from 1.8 
to 5.1%), propane, and traces of heavier hydrocarbons. It includes nitrogen, carbon dioxide, 
oxygen, and hydrogen (North American Energy Standards Board). The hydrogen sold in the 
California market is produced from North American Natural Gas, which is the one considered for 
this analysis.  
Natural gas is used for two potential purposes in hydrogen production. It provides the feedstock 
(i.e., the origin of the Hydrogen) and the process fuel (i.e., it provides the energy to the system). 
Abbot (1997) reported that 78-88% of the total Natural Gas is used as feed. 
 
Steam Reforming involves the following reactions (Rostrup-Nielsen, 1984): 
 
 
 
Reaction (1) is the steam reforming of methane. It is reversible and strongly endothermic, and 
according to the principle of le Chatelier it must be carried out at a high temperature, high steam 
to methane ratio, and low pressure to achieve maximum conversion (Rostrup-Nielsen & Rostrup-
Nielsen, 2002). Steam generates higher energy density than other air-powered systems; however, 
it presents some energy inefficiency due to the high temperature needed for generating steam 
(Piroonlerkgul et al., 2008). In fact, the hydrogen produced has less energy efficiency that the 
natural gas used as feedstock.  
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In industry, the reforming reactions are typically carried out in a heated furnace over a nickel 
catalyst. Cobalt and the noble metals are also active, but more expensive. Such reformers are built 
today for capacities up to 300.000 Nm3 H2 (equivalent) /h. 
The furnace consists of a box-type radiant section, including the burners and a convection section 
to recover the waste heat of the flue gases leaving the radiant section. In the radiant section, a 
nickel catalyst is loaded in a number of high alloy reforming tubes placed in a row along with the 
furnace. Typical inlet temperatures to the catalyst bed are 450-650C, and product gas leaves the 
reformer at 800-950C depending on the application. 
When hydrogen is produced from carbon-containing materials, CO2 is formed as a co-product. 
The amount depends on the hydrogen content of the material and the efficiency of the process. 
Gasification of carbon results in 1 vol CO2 per vol of hydrogen. Hydrogen is produced in gaseous 
form, but it may be liquefied for delivery to fueling stations. 
 
4.2.Electrolysis 
 
Electrolysis or the production of hydrogen from water splitting is the other method of 
hydrogen production analyzed in this study. Water electrolysis is a process whereby water splits 
into hydrogen and oxygen through the application of electrical energy (Bhandari, 2014). 
 
At the anode,water is oxidized to produce oxygen, electrons and protons. Protons circulate across 
the membrane to the cathode where they are reduced closing the circuit and producing hydrogen. 
 
 
 
Two primary technologies can produce hydrogen from electrolysis in combination with renewable 
electricity: proton-exchange membrane (PEM) and alkaline. Alkaline is currently the most mature 
technology, which uses a saline solution to separate hydrogen from water molecules by applying 
electricity. PEM is slightly less mature and uses a solid membrane to separate the hydrogen from 
water molecules via an electric charge. PEM is a very promising candidate for transportation 
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applications due to their high power density, fast start up time, high efficiency, low operating 
temperature, and easy and safe handling (Sharaf & Orhan, 2014). 
PEM electrolyzers are commercially available for low scale production applications. The hydrogen 
purity is typically above 99.99 vol.% (in some cases up to 99.999 vol.%) without the need of 
auxiliary purification equipment. The operating temperature is 80°C at a pressure of up to 15 bar. 
The hydrogen and oxygen generated from the electrolysis are cooled, purified, compressed, and 
stored (Ursua et al., 2012). In many installations, the oxygen is not stored; instead, it is vented to 
the atmosphere. The specific energy demand of PEM is between 4.5 and 7 kWh/ NM3H2, with 
production capacity ranging between 0.06 and 30 NM3H2/h and operation efficiency ranging from 
67 to 82%  (Ursua et al. 2012), depending on the amount of electricity needed to produce an amount 
of hydrogen (Adolf, 2018). 
Hydrogen produced from electrolysis is not zero emissions either, if the electricity used in the 
process comes from a variety of sources, included fossil fuels. However, the environmental burden 
is much less when the system is powered by renewable sources. Solar and wind power are the 
renewables sources more used for hydrogen production. The most common method of solar-based 
hydrogen production uses photovoltaic cells in combination with water electrolysis (Suleman et 
al. 2016). Wind-based hydrogen production is the current method that has the maximum potential 
of producing hydrogen with minimum pollution among renewable sources (Acar & Dincer, 2014). 
Other benefits of using electrolysis are that electrolyzers require only seconds  to operate at 
maximum capacity, so they can  easily pair with renewable assets that are frequently curtailed for 
either a long or short duration, proving great adaptability to the intermittency renewable energy 
(Young et al, 2007). Furthermore, the durability and reliability of the fuel cell is greater than a fuel 
cell that runs on reformation based hydrogen (Sharaf & Orhan, 2014, Grimes et al, 2008). 
Despite of all its advantages, the production of hydrogen from electrolysis accounts for less than 
5% of the total production of hydrogen in the country (Rostrup-Nielsen & Rostrup-Nielsen, 2002), 
and only about 4% of global hydrogen production (Padro and Putsche, 1999; Häussinger et al., 
2007). Economic reasons are the explanation for this low penetration in the market. The steam 
methane reforming process is more rooted in the energy system, while only a couple of commercial 
electrolyzers are available nowadays.  A high Capex is necessary to build large scale electrolyzers, 
and return of investment is slow because the demand for FCVEs is still low. As it is depicted in 
Figure 5, local electricity prices represent 99% of the hydrogen operation costs (excluded labor 
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and operation). Only with subsidied prices of $30/MWh, hydrogen produced from electrolysis 
would be competitive with fossil fuel based hydrogen (Wood Mackenzie, 2019). According to 
NEL Hydrogen (2017), a commercial 50 MW electrolyzer benefiting from hydrogen infrastructure 
at scale and renewable electricity prices less than $50/MWH, can compete with gasoline on a fuel 
cost per driven mile basis, offering a price at pump of $6.70/kg. 
 
Figure 5. Example of costs distribution in a electrolyzer 
 
Source: Felgenhauer & Hamacher (2015) 
 
Despite its current lack of cost competitiveness, green hydrogen is is expected to increase the 
market in the near future. According to Wood Mackenzie (2019), a total of 252 MW of green 
hydrogen were deployed from 2000 to the end of 2019. An additional 3,205 MW of electrolyzers 
dedicated to produced hydrogen are expected to be deployed globally by 2025. The main reason 
for this estimated growth is its environmental outperformance, and the expected increase of the 
renewable energy in the energy mix (EIA, 2020).  
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5. HYDROGEN DISTRIBUTION AND STORAGE 
 
5.1. Overview 
The means of distribution and storage depends on the state of hydrogen, liquid or gas. The 
selection of the state of hydrogen is purely economic, but it does have a different environmental 
impact, as it will be discussed in the LCA.  
 
5.1.1. Storage 
Hydrogen can be stored in both forms, gaseous and liquid. Each considered hydrogen 
storage technology has a determined impact on the delivered cost of Hydrogen. On-site hydrogen 
storage is used at central hydrogen production facilities, transport terminals, and refueling stations, 
among other end-user locations. Storage options today include insulated liquid tanks and gaseous 
storage tanks. The four types of common high-pressure gaseous storage vessels are shown in table 
7. 
 
Table 7. Types of cylinder 
Types of cilinder
Type I
All metal cylinders that are capable of holding gases at any pressure and are put at a 
disadvantage by the extra weight resulting from high working pressures. A high 
working pressure increases the thickness of the wall required to contain the gas, 
which increases the vessel’s weight. This vessel type is economical for holding 
gases at low to medium pressures.
Type II
Container with load-bearing metal liner with hoop-wound carbon-fiber reinforcement. 
Typically, the load is equally shared between the metal liner and fiber-reinforced 
winding. The lightweight fiber reinforcement reduces the amount of metal required to 
hold the gas at the same pressure, which reduces the container’s weight. This 
vessel type is economical for holding gases at medium to high pressures.
Type III
Non-load-bearing metal (aluminum) liner and axial and hoop-wound carbon-fiber-
reinforced cylinder. This vessel type has a weight advantage over Type I and Type II 
vessels and is economical for holding gases at low to medium pressures when 
weight limitation is a concern. The liner is prone to fatigue at high-pressure cycle 
frequencies.
Type IV
Non-load-bearing plastic liner and axial and hoop-wound carbon-fiber-reinforced 
cylinder. This vessel type has a weight advantage over Type I, Type II, and Type III 
vessels and is economical for holding gases at high pressures when weight limitation 
is a concern.  
Source: Reddi, et al (2016) 
 
Cryogenic liquid storage tanks also referred to as dewars, are the most common way to store large 
quantities of hydrogen. Super-insulated low-pressure vessels are needed to store liquid hydrogen 
at -253°C (-423°F). The pressure of liquid hydrogen is no more than 5 bar (73 psi). 
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Due to its light mass, hydrogen has to be pressurized and delivered as a compressed gas or 
liquefied.  
 
5.1.2. Distribution 
When bulk hydrogen is not produced at the point of end-use, it is transported in gaseous or 
liquid form through various distribution systems, including:  
• Bulk gaseous deliveries via tube trailers. 
• Pipelines. 
• Bulk liquid deliveries via tank truck, railcar or barge. 
 
5.2. Bulk gaseous deliveries via tube trailers. 
Gaseous hydrogen is most commonly delivered either by trucks or through pipelines. 
Because gaseous hydrogen is typically produced at relatively low pressures (20–30 bar), it must 
be compressed prior to transport, at pressures of between 3,000 to 7,000 psi (200 to 500 bar) (U.S. 
Department of Energy, 2017).  However, the gaseous hydrogen is extremely volatile and it can 
face losses of 13% during compression and storage (Argonne National Laboratory). 
The most common way to transport gaseous hydrogen is with truck hauls, since the lack of 
extended pipeline infrastructure.  A truck hauls transports a cluster of cylindrical gas containers or 
tubes made of steel of several configurations, e.g., 18-tube, 36-tube, 54-tube.  Each tube has a 
valve at one end, by which it is connected to the process or application.   
An important limitation of this transportation is the weight efficiency of steel tubes is not high.   
The weight of the hydrogen stored on a tube trailer with steel tubes is approximately 1%. As 
pressure increases, this weight efficiency will decrease further. A trailer with steel tubes is limited 
by gross vehicle weight, not by the size of the trailer. Tube trailers are currently limited to pressures 
of 3,625 psi by U.S. Department of Transportation (DOT) regulations.  Several companies offer 
composite or glass fiber tanks with advanced structures offering much higher weight efficiency 
than steel. 
Transporting gaseous hydrogen at distances greater than 200 miles from the point of production 
becomes cost-prohibitive, being liquefied hydrogen, the preferred option, in the absence of an 
existing pipeline. 
 
30 
 
5.3.Pipelines 
Transporting gaseous hydrogen via existing pipelines is currently the lowest-cost option 
for delivering large volumes of hydrogen. Few hydrogen pipelines currently exist, and the high 
initial capital costs of new pipeline construction comprise a significant barrier to expanding 
hydrogen pipeline delivery infrastructure. In the US there exists around 1,600 miles of hydrogen 
pipeline infrastructure, out of which only 700 miles are under Pipeline & Hazardous Materials 
Safety Administration (PHMSA) regulatory jurisdiction. The existing pipeline is mostly used to 
transport hydrogen from the source to manufacturing facilities where the product is required as a 
raw material. This is the reason why most existing hydrogen pipelines are installed at oil refiners 
since hydrogen is used in the petroleum upgrading process. . It is not surprising that the largest 
hydrogen pipeline network supplies the Louisiana and Texas refineries and petrochemical 
industries5.  
Hydrogen pipelines usually operate at a pressure of 10-20 bar, but can also operate at pressures of 
up to 100 bar. Hydrogen pipelines must be manufactured from nonporous materials, such as 
stainless steel, to avoid permeation and eventual loss of hydrogen. Materials used to transport 
natural gas, such as polyethylene, are not suitable for hydrogen transportation. Polyethylene and 
other plastic materials are subject to brittleness through extensive contact with hydrogen, which 
eventually leads to rupture (Silveira 2017). Further investigation is needed to use the existing gas 
natural pipeline networks for hydrogen distribution (US Department of Transportation). Other 
main barriers are related to safety and regulation. Hydrogen pipeline infrastructure is pretty limited 
in California.   
 
5.4. Bulk liquid deliveries via tank truck, railcar or barge. 
Gaseous hydrogen produced at centralized hydrogen plants can be liquified. Liquid 
hydrogen can be stored as a cryogenic liquid and transported over long distances. The advantage 
of this last method is that the tank is much lighter than the tank holding pressurized gaseous 
hydrogen, incurring in fewer emissions and energy consumption during its transportation.  
 The conventional hydrogen liquefaction process follows the following three steps (DOE, 2019):  
 
5 Most of the US hydrogen pipeline infrastructure is owned by Air Liquide (339 miles) and deployed in Texas and 
Lousiana. Linde owns 33 miles between Utah, Texas and Ohio (Hydrogen Analysis Resource Center). 
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1. Compression 
2. Cooling 
3. Expansion. 
 
 The liquefaction process has two significant disadvantages: 
The liquefaction of hydrogen requires to compress the gas and cool it below -253˚C (-423 F), 
incurring in a large amount of energy consumption, and therefore, less energy and emission 
benefits. Energy requirements to compress and cool hydrogen can reach up to 31% of the energy 
content of liquid hydrogen, with a best-case scenario of 21% when the electric power for 
liquefaction was generated with 50% efficiency (IEA 2005). According to Argonne National 
Laboratory, there is a loss of energy efficiency of 40% during the process of hydrogen liquefaction 
when added to the effect of tank refrigeration to keep the liquid at the same temperature.  
Cryogenic transportation and storage of liquified hydrogen pose technical and economic 
challenges. The low boiling point makes liquified hydrogen ten times easier to evaporate than 
Liquified Natural Gas (Abe et al., 1998), especially when using small tanks with large surface-to-
volume ratios. Hydrogen storage needs to include mechanisms that provide high energy density 
per mass and volume at a reasonable cost. Handling procedures and safety protocols raise further 
the price of storage since hydrogen is a very light and highly-flammable fuel that can easily leak 
from a regular container. Taking into account the energy required to transform gaseous hydrogen 
into its liquid state and the tanks required to sustain the storage pressure and temperature, liquid 
hydrogen storage becomes very expensive compared to other storage methods. However,  liquified 
hydrogen is the most economical delivery method. Tank trailers carry between 8,000 and 15,000 
gallons (0.9 to 1.7 MMSCF). Railcars and barges can carry much larger loads of liquid hydrogen, 
i.e., up to 100,000 gallons or more.   A liquid tank and vaporizer are located at the customer’s 
facility, and periodic deliveries are made to this station based on customer use rates. liquid 
hydrogen deliveries are economical for rates up to about 10 MMSCF to 25 MMSCF per month. 
In the near to mid-term, bulk deliveries of compressed or liquid hydrogen by tanker truck, railcar 
or barge will be used to meet most of the hydrogen requirements not satisfied by on-site production.  
A certain amount of liquid hydrogen is transported from hydrogen plants through ships and trains 
to bulk terminals and then transported to refueling stations via trucks. However, this capstone will 
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only analyze transportation by road from an SMR plant located in the state to a local refueling 
station. 
 
5.5. Storage systems in FCVE 
Fuel cell-powered cars not only generate zero emissions on the tailpipe. In light vehicles, 
their efficiency is near twice the efficiency of an internal combustion engine-powered car (Sharaf 
& Orhan, 2014), becoming attractive for the California ZEV and LCFS regulations.  
Hydrogen storage is a critical enabling technology for the advancement of fuel cell electric 
vehicles (FCEVs) in the automotive industry. It is integral to critical features of FCEVs, including 
both range (300 to 500 miles) and refueling time (3 to 5 minutes). Storing enough hydrogen (4-10 
kg) onboard an FCEV to achieve a driving range of 300 to 500 miles is a significant challenge. On 
a weight basis, hydrogen has nearly three times the energy content of gasoline when comparing 
lower heating values (33 kWh/kg for H2 compared to 12 kWh/kg for gasoline). However, on a 
volume basis, the situation is reversed (approximately1 kWh/L for 700 bar H2 at 15°C compared 
to 9 kWh/L for gasoline) 
Table 8 shows the 2020-2025, technical targets for onboard hydrogen storage systems, which are 
intended to make hydrogen-fueled vehicle platforms competitive across most of the vehicle classes 
(from small cars to light-duty trucks), and enable driving ranges approaching 500 miles, which 
would allow FCEVs to achieve significant market penetration. 
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Table 8. Technical System Targets: Onboard Hydrogen Storage for Light-Duty Fuel Cell 
Vehicles (May 2017) 
 
Source: https://www.energy.gov/sites/prod/files/2017/08/f36/hstt_roadmap_July2017.pdf. 
 
There are currently two predominant on-store technologies with different pressures: The 700 bar 
and the 350 bar.  700 bar gaseous onboard storage has been chosen by the original equipment 
manufacturers for the first vehicles to be released commercially, and 350 bar is the preferred 
pressure for buses and lift trucks (for example, forklifts) (FCTO). 
 
5.6.Hydrogen stations 
 
Specific technical components are necessary for the construction of a hydrogen refueling 
station. For all refueling stations, these include adequately sized storage facilities for hydrogen, 
compressors which bring the hydrogen to the desired gas pressure level, refrigeration system, 
34 
 
cascade buffer storage, and dispensers for delivering the fuel. The technical characteristics of these 
components are determined by the pressure of the vehicle’s tank and if it is gaseous or liquid 
hydrogen being used. Refueling stations commonly integrate onsite storage to ensure the supply 
during peak-demand hours.  Several different pressures are likely for stationary storage purposes 
in a hydrogen delivery infrastructure. Low-pressure storage will be necessary at terminals and 
fueling stations supplied by pipelines. Moderate pressure storage will be necessary at 350-bar 
refueling stations, and high-pressure storage will be necessary at 700-bar refueling stations. Many 
refueling stations offer hydrogen at both pressures. 
 
Figure 5. Components of a refueling station 
 
Source: Reddi, et al (2016) 
 
The station is required to have a compression capability of 950 bar, for the pressure storage that 
most automakers have adopted in light-duty FCEVs (700 ba vehicle storage system)6.  
 
 
6 It is important to note that the long-term goal of DOE is to develop vehicles with storage tanks with less pressure 
storage (<500-bar psi) .  
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Refrigeration equipment: The refrigeration equipment keeps the hydrogen within the limits of 
pressure and temperature needed for the vehicle’s fuel storage system. For 700 bar, refueling 
hydrogen is generally precooled to –40°C before it reaches the dispenser. This low temperature is 
achieved with one chiller, and one heat exchanger (HX) is necessary for each dispenser. The 
capacity of the refrigeration equipment is 10–15 tons/day.   
Fueling compressor: Several  compressors are used to achieve the necessary compression. 
Customary types are piston, compressed air, diaphragm, or ionic compressors, which are selected 
according to the design of the refueling station (capacity utilization, energy consumption, cost-
effectiveness, etc.). Currently, most of the hydrogen refueling compressors in the US are 
diaphragm compressors, primarily because of their reliability and ability to deliver high-quality 
hydrogen. Hydrogen compression is a way of overcoming the pressure difference between storage 
(from 50 to 200 bar) and refueling (950-1,000 bar). The refueling process should not exceed the 
target time of three to five minutes. Compressors can be used to delivers high-pressure hydrogen 
that is used to replenish the high-pressure cascade buffer storage and the medium-pressure cascade 
buffer if the hydrogen is being supplied by pipeline. In this case, a booster compressor is needed 
too, to top off the vehicle’s tank when the station incorporates medium-pressure buffer storage. 
Cascade buffer storage: The buffer storage consists of several banks of pressure vessels that store 
hydrogen at high pressure (typically at 950 bar for FCV 700-bar), which are used to cascade the 
delivery of the fuel into the vehicle’s tank. The size of the high-pressure buffer storage is 
determined by the peak-hour demand and the throughput of the compressor that replenishes it. A 
medium-pressure buffer storage system (typically at 400–500 bar) is usually considered when the 
station is supplied with low-pressure hydrogen via a pipeline or an onsite production unit. In such 
a case, the vehicle’s tank is initially filled from the medium-pressure buffer and then topped off 
by using a booster compressor that draws from the buffer storage, compress the hydrogen to the 
necessary pressure, and then fill the vehicle’s tank. The buffer storage can use several types of 
pressure vessels depending on the pressure requirements; High-pressure storage uses either Type 
II or Type IV pressure vessels, while medium-pressure storage typically uses Type I  
pressure vessels (Reddi, et al 2016). 
Dispenser: The dispenser includes the fueling nozzle, which delivers the compressed hydrogen 
into the vehicle’s pressure tank. It is designed for the pressure of the hydrogen tank, i.e., 350 or 
700 bar.  
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Figure 6.Hydrogen Refueling Station (Gaseous Hydrogen Supply) 
 
 Source: Argonne National Laboratory 
 
Stations that receive gaseous hydrogen via tube trailer can use the tube trailer on-site as a low-
pressure storage tank (200-500 bar) in the refueling station. The tube trailer is swapped with 
another one when it is drawn down to a specific pressure, usually between 20 and 50 bar. 
Alternatively, gaseous hydrogen can be supplied by pipelines or through onsite production via 
water electrolysis or natural gas Steam Methane Reformation (SMR). 
Liquid hydrogen in refueling stations is stored in a cryogenic tank or dewar (average capacity of 
3,500 m3), which is refilled from a liquid tanker. Then, the liquid hydrogen is transferred via a 
cryogenic pump, to an evaporator, from here is transferred to high-pressure buffer storage.  
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Figure 7. Hydrogen Refueling Station (Liquid Hydrogen Supply) 
 
Source: Argone National Laboratory 
 
Regardless of the quality of the dewar’s insulation, some heat will reach the tank over time and 
cause the liquid hydrogen to boil. The result is that hydrogen gas accumulates at the top of the 
liquid tank and causes the pressure inside the tank to increase. In order to keep the pressure from 
rising above the limits of the tank, the gaseous hydrogen must be vented from the liquid tank and 
either released or recompressed by a boil-off compressor to be stored as gaseous hydrogen. 
 
6. METHODS 
The methodology aims at collecting quantitative data to understand the characteristics of 
the current hydrogen industry and market in California. Then a life cycle assessment would be 
conducted. It will involve the assessment of two different alternatives to hydrogen production, 
hydrogen produced from steam methane reforming and hydrogen produced from water splitting in 
an electrolyzer, powered by wind energy. 
Secondary data has been collected to analyze the particularities of the California market. Current 
situation of the market, stakeholders involved in the production, the infrastructure, and logistics of 
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the hydrogen and energy policies that are facilitating and promoting its deployment. California 
Open Data Portal provides geospatial data that can be analyzed to understand the current map of 
hydrogen production and deployment in California . Information about production sites, types of 
production, and transportation mode has been obtained from data provided by The Hydrogen 
Analysis Resource Center. The analysis of the refueling station models have been found in 
publications by Argonne National Laboratory. Other technical information relevant for this study 
can be found in sources provided by the Hydrogen Fueling Infrastructure and Station Technology 
(H2tools), the Hydrogen Fueling Partnership for Hydrogen and Fuel Cells in the Economy (IPHE) 
and the National Renewable Energy Laboratory (NREL). Current policies set in place to help the 
deployment and use of hydrogen in transportation has beenresearched in the publications from the 
Department of Energy, the Fuel Cell Technologies Office, the California Fuel Cell Partnership, 
and the California Air Resources Commission.  
The environmental impacts of the production of hydrogen have been analyzed  using the life cycle 
assessment (LCA) approach. The LCA is based on the most recent  ISO standards:14040 and 
14044 (ISO, 2006). Some inputs and outputs data were obtained from literature about the 
processes.  
This study employed the California Greenhouse gases, Regulated Emissions, and Energy Use in 
Transportation (CA-GREET) Model to simulate four pathways, as reflects Table 9. The CA -
GREET Model is a version from Argonne National Laboratory’s GREET life cycle model, which 
is used to calculate GHG emissions under the California Low Carbon Fuel Standards (LCFS).  
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Table 9. Four different pathways 
 
 
This model is available to the industry to analyze the compliance of its transportation fuels with 
the LCFS Regulation, and determine its elegibility for credits under the LCFS GHG emissions 
market.  Athough it allows a wide array of combinations and different pathways, the model is 
configured just for the criteria air pollutant emissions according to California emission standards 
and emission policies. The inventory data contained in the CA-GREET model is derived from 
many sources, including the California Energy Commission, Argonne National Laboratory 
publications, the U.S. Department of Energy (DOE) Energy Information Administration (EIA), 
and the U.S. Environmental Protection Agency (EPA). Datasets from Ecoinvent and  
Ef_Secondarydata_201908 where also included in the LCA. ReCIPE methodology version 
1.1_20180117 was used for midpoint factors characterization. The analysis includes only the 
individualist perspective, since impact types are undisputed based on a short-term interest.  This 
methodology was selected over others because it specifies impact categories for water 
consumption and fossil resource scarcity, which are relevant for the purpose of this capstone.  
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7. LIFE CYCLE ASSESSMENT 
7.1. Overview 
 
Analyzing resource consumption, energy requirements, and emissions through a life cycle 
assessment offer a complete picture of the environmental burdens associated with hydrogen 
production (Spath & Mann, 2000). As it has been discussed before, hydrogen is considered a clean 
transporation fuel, but it does have an environmental impact, and its degree of impact is determined 
by the type of system process employed to produce it. 
The goal of this study is to understand the environmental impact of 1 kg of Hydrogen dispensed 
at a refueling station (well to pump). The purpose is to evaluate the overall production system of 
the steam methane reforming process versus the production of hydrogen through electrolysis 
powered by wind power. Therefore, the methodology employed is attributional. The reason behind 
the study, is to understand the environmental impact of both hydrogen productions processes in 
order to design the right public policies that minimize the pollution derived from using a FCVE. 
The intended audience for this study are authorities and government regulators, as well as final 
consumers. The data collected and analyzed is intended to reflect common industrial practices in 
the California market. 
The functional unit is 1 kg of hydrogen. It was selected for practicality, since this is the unit of 
measurement for cost of refueling, and for capacity of FCVE tank.  
The scope includes two production processes, with four different pathways: 
a) Production of Hydrogen from SMR 
- Pathway A.1. Production of Gaseous Hydrogen with Natural Gas 
- Pathway A.2. Production of Liquid Hydrogen with Natural Gas 
b)  Production of Hydrogen from Electrolysis 
- Pathway B.1. Production of Gaseous Hydrogen with Electrolysis  
- Pathway B.2. Production of Liquid Hydrogen with Electrolysis 
 
The emissions of each pathway will be impacted by if the hydrogen state is in liquid or gas. Its 
state will condition the transportation mode and storage chosen.  
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7.2. System descrption /boundaries 
 
The system boundary is limited by the California state geographic boundaries. Hydrogen 
production plants are considered central and located within the state boundaries.  This study does 
not cover the production of hydrogen at refueling stations (decentralized production). 
This LCA analyses the overall system from well to pump at the refueling station.  
Electricity in all pathways, used from the central plant to the refueling station is CAMX regional 
e-grid mix from California grid. Road transportation is made by heavy duty truck and uses U.S. 
Conventional Jet Fuel. 
In all four pathways, it is assumed the electrical consumption per kg hydrogen dispensed is around 
5 kWh (Brown, Stephens-Romero, & Samuelsen, 20127). This is the energy required to start and 
stop the compressor for each car recycling cycle [Startup Power (kWh) + Compression Power 
(kWh) + Shutdown Power (kWh) = Total Compression Power during Fill (kWh)].  
 
7.3. System boundary for hydrogen production from SMR 
 
Natural gas wells are considered outside the California boundaries. The natural gas 
employed is North American Natural Gas (NANG), and it is transported to the hydrogen 
production plants via pipeline.  
Natural gas is used for two purposes in the hydrogen production. It provides the feedstock (i.e. the 
origin of the hydrogen) and the process fuel (i.e. it provides the energy to the system). The 
feedstock phase for both SMR processes uses US Average electricity mix for its natural gas 
extraction, processing, and transport. California electricity mix is included for the process fuel ( 
production, liquefaction, compression, cooling and storage of hydrogen). It is assumed that 
hydrogen is the only resulting product from the production process, and not as a byproduct of the 
hydrocarbons processing industry. The energy efficiency of the SMR production is 72%. 
 
 
 
 
 
 
7 Data only available for liquid hydrogen  
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The SMR process system examined in this study is shown in Figure 8. 
 
Figure 8. SMR process system (Relevant LCA stages) 
 
 
Transportation from the NANG field to the central plants are made by pipeline, which an estimate 
distance of 1,400 miles. Once in the central plant, transportation is made to the refueling station 
by heavy duty truck. To represent real conditions, average distance was set at 200 miles from the 
central plant to the refueling station, when hydrogen is liquified, and 30 miles if the hydrogen state 
is gaseous.  
 
7.4. System boundary for hydrogen production from Electrolysis 
 
The wind/electrolysis system examined in this study is shown in Figure 9. The electricity 
is produced at a wind farm connected through a transmission grid to an electrolyzer plant, that 
converts the electricity into hydrogen with an efficiency of 85%. It is assumed that the electrolyzer 
is located at a central plant and not at a refueling station (decentralized production), and hydrogen 
is the only resulting product from the electrolyzer, which operates by proton exchange membrane 
(PEM).  
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Figure 9. Wind/Electrolysis process system (relevant LCA stages) 
 
 
The electricity to power the electrolyzer, comes from a 2MW Vestas V80 wind power plant located 
onshore, with wind load hours adapted to local conditions (Western Electricity Coordinaty 
Council, 2012). It is assumed here that all the electricity produced, is connected to the network in 
form of high voltage electricity.  
The California transmission losses (between wind farm and electrolyzer) considered for this study 
is 6.15%, an average calculation from 5.4-6.9 range documented in Wong L. 2011 (Warwick et al, 
2016).  
 
7.5. Results   
 
The impact categories with more relevance for its disparity among the four different 
pathways are reflected in Table 10. It is concluded that the SMR production systems have more 
environmental impact than the electrolsysis production systems, concretely the SMR production 
of liquid hydrogen, which is more energy intensive due to the extra step of liquefaction. Global 
warming, followed by fossil resource scarcity, and terrestrial ecotoxicity, are the categories with 
major impact in the SMR production systems. In the case of electrolysis, the impact is greater in 
fossil resource scarcity, followed by human noncarcinogenic and mineral resource scarcity.  
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Table 10. Relevant impact categories  
 
A closer analysis of the fossil resource scarcity category can be found in Table 11. Natural gas 
represents the primary fossil source in the SMR production processes, as it was expected. 
Particular relevant is the predominance of crude oil in the electrolysis, due to the transportation 
fuel.   
 
Table 11. Fossil Resource Scarcity 
 
Extraction and processing, followed by production, are the process of the SMR production that 
consume more resources. Liquefaction is even more resource intensive than production in the case 
of liquified hydrogen. In contrast, compression & storage, followed by transportation in 
electrolysis are more intensive in fossil use.  
 
Graph 1. The fossil resource consumption by LCA stage  
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Gaseous H2 from Electrolsys 118.210 0.006 0.046 0.085 0.836 51.774 0.225 1.129 0.139 519.797 394.524 12,009.734
Liquid H2 from Electrolsys 163.263 0.009 0.066 0.113 1.177 73.065 0.317 1.593 0.186 731.817 556.763 2,484.625
Gaseous H2 from SMR 501,181.487 130.259 248.063 324.023 202.054 3,216.870 532.422 368.184 107.240 17,449.506 278.145 476,678.983
Liquid H2 from SMR 1,370,725.845 357.121 786.255 1,009.273 552.401 281,423.057 1,812.511 2,166.199 294.012 47,525.337 760.392 1,258,869.113
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The global warming potential (GWP) is another category of major relevance in this analysis. The 
impact of SMR production is dramatically higher than the electrolysis production. Table 12 shows 
a breakdown of the criteria air pollutants by each process that CA-Greet considers for its model. 
 
Electrolysis weight is very low in all criteria pollutants, which confirms that this production system 
is not only less resource intensive, but it offers outstanding and incomparable clean energy.  
 
Table 12. Criteria Air pollutants by each process.  
 
 
In terms of total air emissions, CO2 is emitted at the highest rate in gasesous H2 from electrolysis, 
accounting for 100% of the weight. In case of liquid H2, the volatile organic compounds (VOC) 
weights 95% of the total. This difference can be explained by the storage particularities of liquid 
hydrogen. Regardless of the quality of the dewar’s insulation, some heat reaches the tank over time 
and cause the liquid hydrogen to boil. The result is that hydrogen gas accumulates at the top of the 
liquid tank and causes the pressure inside the tank to increase. In order to keep the pressure from 
rising above the limits of the tank, the gaseous hydrogen must be vented from the liquid tank and 
either released or recompressed by a boil-off compressor to be stored as gaseous hydrogen. In this 
study, it is assumed that is released into the air, leading to a major weight of VOCs.  
 
 
 
     VOC 3.09E‐05 1.44E‐02 2.95E+02 8.06E+02
     CO 1.10E‐04 0.00E+00 3.68E‐03 1.10E‐02
     NOx 3.01E‐04 1.16E‐08 1.88E+02 5.14E+02
     PM10 5.15E‐06 0.00E+00 1.94E‐04 3.17E‐03
     PM2.5 4.50E‐06 1.06E‐11 3.71E+01 1.01E+02
     SOx 2.12E‐05 5.26E‐11 9.60E+01 2.62E+02
     BC (Black Carbon) 6.81E‐07 0.00E+00 0.00E+00 2.06E‐04
     OC 2.13E‐06 0.00E+00 0.00E+00 4.71E‐04
     CH4: combustion 2.29E‐04 0.00E+00 5.95E+03 1.18E+06
     N2O 5.06E‐07 0.00E+00 1.47E+00 4.02E+00
     CO2 8.08E‐02 7.73E‐04 6.45E+02 1.76E+03
     VOC evaporation 0.00E+00 4.57E‐02
     Misc. Items 0.00E+00 9.14E‐03
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Gaseos Hydrogen 
from Electrolysis
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Graph 2. Distribution of weight by criteria air pollutant. 
 
Methane, which has a GWP of 56 for a period of 100 years (IPCC, Second Assessment report), is 
the big contributor to the total air emissions of the SMR production of hydrogen. Methane releases 
mostly during extraction and processing of natural gas, followed by pipeline transmission. In the 
production of gas H2, the methane represents 82%, followed by CO2 (9%),  VOC (4%), NOX (3%), 
SOX (1%) and PM2,5 (1%). In the case of liquid hydrogen, methane represents 100% of the weight, 
due to the effect of liquefaction.  
Finally, it is important to look at the heat waste and water consumption of the four pathways. 
ReCiPe gives a global factor of 1 for water consumption, and it does not reflect the regional water 
constraints of the state of California.  
 
Table 13. Heat waste and water consumption by pathway 
 
 
As it is reflected in Table 13, 232,806.21 m3 of water are needed for the production of 1 kg of 
hydrogen from steam methane reforming in the case of liquid hydrogen, and 85,158.49 m3 in the 
case of production of gaseous hydrogen. On the contrary, the water consumption of the two 
electrolysis pathways is much less. 
 
per Kg of Hydrogen Units Electrolsys G.H2 Electrolysis L.H2 SMR G.H2 SMR L.H2
Heat, waste MJ 0.28 0.37 1,284.67 5,861.62
Water Consumption m3 22,518.26 31,770.45 85,158.49 232,806.21
HEAT WASTE AND WATER CONSUMPTION
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Another relevant point is the amount of energy in form of heat that is wasted during the production 
of hydrogen via SMR. A high steam to methane ratio is needed for the chemical reactions that 
involve the reforming of methane. This is the main explanation of the inefficiency of the process, 
which is mostly resolved when there are nearby industries to export the steam to them.  
 
From an LCA perspective, it can be concluded that electrolysis powered by wind power have less 
Global Warming potential, and less impact in fossil resource and water consumption than the steam 
methane reforming.  
 
8. DISCUSSION 
 
Discussions about using hydrogen as a transportation fuel date back from the 1980s, when 
there was a high level of interest about how to utilize the hydrogen as a byproduct of several 
industrial production processes. At the time, quite significant amounts of hydrogen were being 
released into the atmosphere rather than being integrated into other production processes 
(W.I./Covestro 2015). Nowadays, the industry has become more efficient, and only a relatively 
small proportion of 9% of the total amount of hydrogen produced is available for external 
applications. Therefore, little or no industrial hydrogen is available for other applications, such as 
transportation fuel (Adolf et al.2017). A more extensive Life Cycle Assessment is necessary to 
understand those consequences of replacing the hydrogen that is currently being used in industrial 
processes and channeled towards the production of fuel for transportation purposes for other gases, 
and the enviromental consequences of this substitution.  
The environmental benefits of using hydrogen as transportation fuel should be approached with 
caution. It is estimated that GHG emissions could be between 40 to 50% lower using hydrogen as 
a fuel for Fuel Cell Electric Vehicles (FCEVs), in contrast with GHG released from an Internal 
Combustion Engine (Alternative Fuel Data Center). However, CO2 emissions are still released 
during the production of grey hydrogen. The Carbon Capture & Storage (CSS) technologies,  
crucial to reduce net carbon emissions from hydrogen (Council et al 2004), are still in a relatively 
nascent stage and they are prohibitely expensive. Furthermore, according to the LCA analysis 
performed in this capstone, a further discussion is needed about the enviromental problem and 
impacts in human health that represent the emissions of methane, as it is the major air pollutant 
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derived from the production of hydrogen via SMR. Water consumption should be taken into 
consideration for future analysis. including regionalization factors that shows a more realistic 
picture of the impact of these production processes in the state’s water resources.  
Electrolzyers seems to be a cleaner alternative for producing hydrogen, however involves high 
capital investments with an uncertain return of investment, not only because the demand of the 
market of FCVEs is still incipient, but the shale boom in the United States is inundating the market 
with cheap and abundant natural gas. Regulation and other policy instruments are needed in the 
sector to promote the inclusion of green hydrogen sources. In this regard, California counts with a 
sophisticated market to track the carbon intensity of every transportation fuel sold in the state.The 
Low Carbon Fuel Standard (LCFS) enables the tracking of GHG emissions from the production 
of the transportation fuel to its final use and oversees the compliance of the carbon intensity (CI) 
of each fuel against a benchmark. Low carbon fuels scoring below the CI benchmark generate 
credits that can be purchased by producers whose fuels have scored above the CI benchmark, 
generating deficits. It is a system that encourages the use of cleaner low-carbon transportation fuels 
in California, therefore reducing GHG emissions and decreasing petroleum dependence in the 
transportation sector. However, further discussion is needed about if this system is optimal to 
develop technologies that strictly use renewable energy, and they are still too expensive to be 
commercialized. In the case of hydrogen, it would be interesting to study how the percentage of 
green hydrogen dispensed at a fueling station and currently set at 33.3%, could be increased to 
balance out the deficits incurred by producers failing to comply with the LCF standards. 
Nevertheless, it is still to be seen how this regulation and the hydrogen fueling stations will be 
impacted by the Safer Affordable Fuel Efficient (SAFE) vehicles proposed rule for model year 
2021-2026 announced at the end of 2019, and which withdraws the Clean Air Act preemption 
waiver granted to the State of California in January 2013 and it relates to California’s GHG and 
ZEV emissions.  
Further discussion can include other literature that points out that biogas could be a renewable 
alternative as raw material for conventional steam reforming instead of natural gas. Particularly, 
biogas obtained from gasification plants that treat urban waste could be a better choice for 
hydrogen production purposes. Hydrogen would be produced from methane emissions originated 
during the anaerobic fermentation of organic matter that otherwise could potentially be released 
into the environment. The convenient location of the gasification plants near urban areas would 
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reduce transportation costs; liquefaction of hydrogen would not be necessary, and the construction 
of an infrastructure of pipelines would be viable. 
 
 
9. CONCLUSIONS 
The use of hydrogen as a transportation fuel can reduce emissions in urban areas and,  increase 
energy security due to its abundance and the versatibility of its production. . As this capstone has 
described, there are considerable efforts from the private and public sector to develop technologies 
that can enable the use of hydrogen as a transportation fuel. California has enabled this interest 
and released overtime incentives, regulation and other policy instruments which are now 
materializing in the deployment of a network of refueling stations, the first step for the creation of 
a demand for hydrogen, and the consecutive commercialization of FCVEs. From the west coast, 
the United States will witness an expansion across the country and the global market. However, 
the most widespread system to produce hydrogen comes from the natural gas industry and the 
regulation set in place to promote green hydrogen only requires a minimum content of 33% of 
hydrogen produced from renewables energy at the refueling stations. According to DOE, 
innovations will be critical for the development and expansion of electrolyzers, which is the most 
advanced green hydrogen technology, in order to deliver affordable hydrogen at the DOE cost 
target of <$4/kg,  (DOE, 2020). However, the steam methane reforming industry expects a 
decrease in costs up to 60% over the coming decade (Hydrogen Council, 2020) menacing to 
increase the cost cap between technologies . According to this LCA, the release of methane during 
the production of hydrogen via SMR, poses a significant enviromental impact and adverse public 
health effects. The use of FCVEs can improve air quality in urban areas, but there is an issue of 
interdependency; gas emissions are released in other areas preserving the pollution and maybe 
worsening it if adequate environmental regulation is not implemented and enforced. 
The intense use of fossil resources and water consumption should be inspected closely, since 
implies a risk for their access and depletion. With the price of natural gas as low as $2.66/thousand 
cf (average price in 2019), it will be very difficult to implement other technology for hydrogen 
production other than SMR. As far as Hydrogen is being mostly produced by the fossil fuel 
industry, and the investment in renewable sources is postponed or delayed, the energy supply will 
not be secured, because natural gas is not renewable. It is uncertain how long the industry will 
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have access to it. The law of economics asserts that when the industry will be close to the depletion 
of the natural gas reserves, the economic system will correct itself. Natural gas prices will increase 
due to the use of more expensive drilling and extraction technology, which will lead to the increase 
of the green hydrogen’s competitiveness. However, reaching that point may involve disastrous 
consequences for the planet and the people. The society has to consider if it decides to invest in a 
renewable-based economy or keep nurturing the oil and fuels industry by investing and supporting 
the use of their byproducts as a feed for technologies marketed as “clean.” Grey hydrogen 
production and its infrastructure should be intended to serve as an entry point until green hydrogen 
technology is fully developed and economically viable. Governments should enact policies that 
promote clean technologies, but more importantly, they should set timelines for fully conversion 
of energy systems to zero-based emissions technologies.   
 
10. APPENDIX 
10.1. Summary per process (non normalization or weighting) 
 
10.2. Production of liquid H2 from Electrolysis 
 
 
 
PROCESSES
GLOBAL WARMING
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n
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Marine 
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carcinogenic 
toxicity
Human 
noncarcinogeni
c toxicity
Land 
transformat
ion
Land 
occupation
Water 
consumption
Mineral 
resource 
scarcity
Fossil resource 
scarcity
Production of Gaseous H2 from Electrolsys 118.210 0.000 0.006 0.046 0.000 0.085 0.836 0.000 0.020 51.774 0.225 1.129 0.139 519.797 0.000 0.040 22,445.349 394.524 28,312.922
Production of Liquid H2 from Electrolsys 163.263 0.000 0.009 0.066 0.000 0.113 1.177 0.000 0.028 73.065 0.317 1.593 0.186 731.817 0.000 0.054 31,687.070 556.763 2,484.625
Production of Gaseous H2 from SMR 501,181.487 0.000 130.259 248.063 34.586 324.023 202.054 28.591 16.942 3,216.870 532.422 368.184 107.240 17,449.506 16.362 291.899 92,662.463 278.145 902,171.616
Production of Liquid H2 from SMR 1,370,725.845 0.000 357.121 786.255 94.549 1,009.273 552.401 74.136 46.326 281,423.057 1,812.511 2,166.199 294.012 47,525.337 44.732 797.994 253,295.788 760.392 2,459,200.427
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10.3. Production of gaseous H2 from Electrolysis 
 
10.4. Production of gaseous H2 from Steam Methane Reforming (SMR) 
 
10.5. Production of liquid H2 from Steam Methane Reforming (SMR).
 
 
Production of Liquid H2 from Electrolsys GLOBAL WARMING
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Fossil resource 
scarcity
Electricity production from wind energy
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total inputs to water 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 3.992 0.000 0.000
Total inputs to soil 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.054 0.000 0.071 0.180
Total outputs air emissions 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.157 19.677 0.000 0.000 0.000 0.000 0.000
Total outputs soil emissions 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.000
Total outputs water emissions 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.497 0.000 0.000 0.000 0.000 0.000
Transmission
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000
Total inputs to water 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 31,651.420 0.000 0.000
Total inputs to soil 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 556.692 1,701.867
Total outputs air emissions 162.852 0.000 0.000 0.065 0.000 0.105 1.176 0.000 0.000 72.272 0.042 1.544 0.021 243.147 0.000 0.000 0.000 0.000 0.000
Total outputs soil emissions 0.310 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.778 0.275 0.049 0.004 0.420 0.000 0.000 0.000 0.000 0.000
Total outputs water emissions 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.028 0.006 0.000 0.000 0.005 468.031 0.000 0.000 0.000 0.000 0.000
Gas Hydrogen production from Electrolysis
Total inputs and outputs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 7.045 0.000 0.000
Liquefaction of Hydrogen
Total inputs and outputs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 24.531 0.000 0.000
Transportation and Distribution of Liquid Hydrogen 
Total inputs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.070 0.000 782.578
Total outpus 0.100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Storage
Total inputs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total outpus 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TOTAL 163.263 0.000 0.009 0.066 0.000 0.113 1.177 0.000 0.028 73.065 0.317 1.593 0.186 731.817 0.000 0.054 31,687.070 556.763 2,484.625
Production of Gaseous H2 from SMR GLOBAL WARMING
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Natural gas extraction and processed
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Total inputs to water 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 85,158.484 0.000 0.000
Total inputs to soil 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.473 0.000 0.000 0.000 0.000 0.000 0.000 14.358 231.522 0.000 221.348 428,792.258
Total outputs air emissions 430,463.630 0.000 0.001 127.997 34.584 179.874 123.810 0.000 0.000 1,059.947 1.978 308.485 3.233 3,251.933 0.000 0.000 0.000 0.000 0.000
Total outputs soil emissions 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.128 0.000 0.859 0.345 0.047 0.000 17.295 0.000 0.000 0.000 0.000 0.000
Total outputs water emissions 0.000 0.000 0.000 2.180 0.000 13.914 7.868 13.559 8.469 271.886 260.614 23.355 0.046 3,589.103 0.000 0.000 0.000 0.000 0.000
Pipeline transmission and distribution
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total inputs to water 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 7,451.970 0.000 0.000
Total inputs to soil 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2.004 60.377 0.000 56.797 14,058.416
Total outputs air emissions 70,704.326 0.000 0.004 115.662 0.000 116.275 62.487 0.000 0.000 1,556.159 2.048 12.139 100.988 5,831.426 0.000 0.000 0.000 0.000 0.000
Total outputs soil emissions 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.859 0.342 0.047 0.000 395.183 0.000 0.000 0.000 0.000 0.000
Total outputs water emissions 0.000 0.000 130.254 2.216 0.000 13.948 7.882 13.431 8.473 327.160 267.096 24.110 2.972 4,364.566 0.000 0.000 0.000 0.000 0.000
Production of Gaseous Hydrogen from SMR
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 25.787 0.000 432,214.095
Total outputs to air 10.938 0.000 0.000 0.007 0.001 0.007 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Transmission and distribution of gasesous Hydrogen
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2.519 0.000 10,731.303
Total outputs to air 0.996 0.000 0.000 0.000 0.000 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Compresion and cooling of gasesous Hydrogen
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 23.702 0.000 16,375.544
Total outputs to air 1.596 0.000 0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TOTAL 501,181.487 0.000 130.259 248.063 34.586 324.023 202.054 28.591 16.942 3,216.870 532.422 368.184 107.240 17,449.506 16.362 291.899 92,662.463 278.145 902,171.616
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Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000
Total inputs to water 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 232,806.208 0.000 0.000
Total inputs to soil 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 39.252 632.936 0.000 605.121 1,172,232.002
Total outputs air emissions 1,177,420.445 0.000 0.004 457.929 94.547 615.118 338.473 0.000 0.000 275,528.735 362.627 2,003.100 8.839 8,759.306 0.000 0.000 0.000 0.000 0.000
Total outputs soil emissions 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.350 0.000 2.347 0.942 0.130 0.000 47.282 0.000 0.000 0.000 0.000 0.000
Total outputs water emissions 0.000 0.000 1.018 6.065 0.000 38.142 21.547 36.718 23.163 741.009 712.212 63.743 0.127 9,764.602 0.000 0.000 0.000 0.000 0.000
Pipeline transmission and distribution
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total inputs to water 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 20,372.191 0.000 0.000
Total inputs to soil 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 5.480 165.058 0.000 155.271 38,432.888
Total outputs air emissions 193,291.442 0.000 0.011 316.196 0.000 317.872 170.827 0.000 0.000 4,254.227 5.599 33.185 276.080 15,941.948 0.000 0.000 0.000 0.000 0.000
Total outputs soil emissions 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.350 0.000 2.349 0.942 0.130 0.841 1,080.352 0.000 0.000 0.000 0.000 0.000
Total outputs water emissions 0.000 0.000 356.088 6.058 0.000 38.130 21.548 36.718 23.163 894.389 730.188 65.911 8.125 11,931.847 0.000 0.000 0.000 0.000 0.000
Production of Liquid Hydrogen from SMR
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 25.787 0.000 505,575.551
Total outputs to air 7.693 0.000 0.000 0.000 0.001 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Liquefaction
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 91.527 0.000 739,706.868
Total outputs to air 6.165 0.000 0.000 0.007 0.001 0.007 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Transportation and distribution of Liquid Hydrogen
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.070 0.000 3,253.118
Total outputs to air 0.100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Storage of Liquid Hydrogen
Total inputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total outputs to air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TOTAL 1,370,725.845 0.000 357.121 786.255 94.549 1,009.273 552.401 74.136 46.326 281,423.057 1,812.511 2,166.199 294.012 47,525.337 44.732 797.994 253,295.788 760.392 2,459,200.427
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